T ranscranial Doppler (TCD) is increasingly utilized in patients with life-threatening neurologic injury. The purpose of this review is to provide an account of the common indications for TCD in the neurocritical care unit. The most widespread application of TCD is for the detection of vasospasm in patients with subarachnoid hemorrhage (SAH). In addition, TCD is being studied as a noninvasive estimator of intracranial pressure (ICP) and cerebral perfusion pressure (CPP) in patients with severe traumatic brain injury. TCD-based assessment of cerebral pressure autoregulation and CO 2 reactivity has been shown to have prognostic implications and holds the potential to allow for individualization of therapy. Finally, TCD has been extensively studied in the setting of clinical brain death.
Subarachnoid Hemorrhage: Detection of Vasospasm
Cerebral vasospasm is a delayed contraction of the cerebral vessels that is induced by blood products that remain in contact with the cerebral vessel wall after SAH (1) . Vasospasm usually begins about day 3 after SAH onset and is maximal by day 6 to day 8. It is often responsible for the delayed ischemic neurologic defects seen in SAH patients (2) . In addition, patients with severe vasospasm have significantly higher mortality than those without vasospasm. The most common cause of SAH is the spontaneous rupture of a cerebral aneurysm (3) . Other causes include head injury and neurosurgical procedures. Vasospasm resulting from aneurysmal SAH is a well-known complication, occurring in up to 40% of patients after an aneurysmal SAH, and carries a 15% to 20% risk of stroke or death (4) .
This vasospasm was first demonstrated angiographically by Ecker and Riemenschneider (5) as cerebral arterial narrowing followed SAH course. Cerebral angiography of the brain is considered the gold-standard diagnostic test for detection of vasospasm. However, this procedure is invasive and not without risk of complication, such as stroke due to cerebral embolus, dissection, or rupture of cerebral arteries (6) . Almost 20 yrs ago, TCD was proposed for the diagnosis of cerebral vasospasm (7) . The diagnosis of spasm with a TCD device is based on the hemodynamic principle that the velocity of blood flow in an artery is inversely related to the area of the lumen of that artery. In theory, TCD may serve as a relatively simple screening method of cerebral vasospasm, and some investigators have advocated the replacement of angiography by TCD (8 -11) .
Technical Aspects of TCD. TCD is a noninvasive, bedside, transcranial ultrasound method of determining the flow velocities in the basal cerebral arteries. Placement of the probe of a range-gated ultrasound Doppler instrument in the temporal area just above the zygomatic arch allowed the velocities in the middle cerebral artery (MCA) to be determined from the Doppler signals (Fig. 1) . The flow velocities in the proximal anterior cerebral artery (ACA), terminal internal carotid artery (ICA), and posterior cerebral artery were also recorded at steady state and during test compression of the common carotid arteries. TCD had one of its first applications in the identification of cerebral vasospasm after SAH (7, 10) .
TCD begins with obtaining a baseline TCD study on day 2 or 3 after SAH onset after a comprehensive insonation protocol that examines all proximal intracranial arteries. TCD studies are then continued daily or every other day from day 4 to day 14 after SAH onset. The TCD examination begins with temporal window insonation of the proximal MCA on the affected side, usually 50 -60 mm, and then distal MCA, at a depth of 40 -50 mm (Fig. 1) . The examination then returns proximally to the MCA/ACA bifurcation, where a bidirectional flow signal is located at a depth of 60 -80 mm. The temporal window insonation continues with more caudal angulation of the probe to evaluate the terminal ICA at a depth of 60 to 70 mm. The temporal window insonation is completed by posterior angulation to evaluate the posterior cerebral artery at a depth of 55-75 mm. The protocol is then repeated for the opposite hemisphere. The ICA siphon can also be insonated via the transorbital window at depths of 60 -70 mm (Fig. 2) . This is preferable if no terminal ICA signal can be obtained through the temporal window.
The transforaminal window insonation occurs via the foramen magnum and is first performed at a depth of 75 mm to locate the terminal vertebral artery (VA) and proximal basilar artery (BA). Insonation of the BA is performed next along its course (range of depth, 80 -100 mm), followed by assessment of the more proximal left and right VAs at depths of 50 -80 mm by lateral probe positioning (Fig. 3) . Finally, submandibular window insonation is performed to obtain reference velocities from the cervical ICA for calculating the Lindegaard ratio (Fig. 4) . The Lindegaard ratio or hemispheric index compares the highest velocity recorded in an intracranial vessel as the numerator with the highest velocity recorded in the ipsilateral extracranial ICA as the denominator.
TCD technology called power M-mode TCD (PMD/TCD) is now available, which simplifies operator dependence on TCD by providing multi-gate flow information simultaneously in the power M-mode TCD display (12) . Power M-mode TCD could be rapid bedside technology because power M-mode TCD facilitates temporal window location and alignment of the US beam to view blood flow from multiple vessels simultaneously, without sound or spectral clues. The presence of signal drop-off with power M-mode TCD from excess turbulence can indicate flow disturbance that may represent vasospasm ( Fig. 5) (13) . The degree of vasospasm in the basal vessels is correlated with the amount of acceleration of blood flow velocities through the vessels as they become narrowed (10) . The best work on correlation between TCD mean flow velocities (MFVs) and with vessel narrowing using cerebral angiography was performed in the MCA. Lindegaard et al. (10) showed in their work that vasospastic MCAs usually demonstrate velocities of Ͼ120 cm/sec on TCD, with the velocities being inversely related to arterial diameter. In addition, velocities of Ͼ200 cm/sec are predictive of a residual MCA lumen diameter of Յ1 mm (normal MCA diameter is approximately 3 mm).
Unfortunately, TCD MFVs do not allow calculation of cerebral blood flow volume and cannot be substituted for cerebral blood flow measurements (14 -16) . What the TCD MFV information provides us is prediction of the degree of vessel narrowing, spasm progression or regression, and compensatory vasodilatation.
TCD has been used as a monitoring tool for the development of cerebral vasospasm in different drug trials (17, 18) . It has also monitored the efficacy of interventional angioplasty treatment (19) and detected the recurrence of arterial narrowing (20) .
TCD MFVs can give an indication for cerebral vasospasm. However, the velocities alone cannot determine whether a patient has symptomatic cerebral vasospasm (21) . In addition, different intracranial vessels have different velocities criteria for diagnosing vasospasm. In the next few sections, we will review the literature for TCD criteria based on different intracranial vessels.
Middle Cerebral Artery Vasospasm. TCD is well studied and of established value in detecting MCA vasospasm (22) (23) (24) (25) (26) (27) (28) . The TCD sensitivity varies from 38% to 91% and the specificity varies from 94% to 100%, based mainly on the cutoff or threshold selected for moderate and severe vasospasm. Figure 5 provides an example of a patient with severe proximal MCA and moderate ACA vasospasm.
Vora et al. (27) studied the correlation between proximal MCA MFV and angiographic vasospasm after SAH. They looked at different variables: MCA's highest MFV at three depths (5, 5.5, 6 cm), the largest MFV increase in 1 day before digital subtraction cerebral angiography, and ipsilateral MCA/contralateral MCA MFV difference. For MCA MFVs of Ն120 cm/sec, the sensitivity of TCD for detecting moderate or severe MCA vasospasm is 88% and the specificity is 72%; whereas, for MCA MFVs of Ն200 cm/sec, the sensitivity of TCD for detecting moderate or severe MCA vasospasm was 27% and the specificity is 98%. So, for individual patients, only low or very high MCA flow velocities (i.e., Ͻ120 or Ն200 cm/sec) reliably predicted the absence or presence of clinically significant angiographic vasospasm (moderate or severe vasospasm). Intermediate velocities, which were observed for approximately one half of the patients, were not dependable and should be interpreted with caution. Interestingly, all patients with MCA MFVs of 160 -199 cm/sec and right-to-left MFV differences of Ͼ40 cm/sec had significant vasospasm.
Burch et al. (22) found TCD had low sensitivity (43%) and good specificity (93.7%) for detecting moderate or severe vasospasm (Ͼ50%) when MCA MFV of 120 cm/sec was used as the cutoff. When the diagnostic criterion was changed to Ն130 cm/sec, specificities were 100% (intracranial ICA) and 96% (MCA) and positive predictive values were 100% (intracranial ICA) and 87% (MCA). The authors concluded that TCD accurately detects terminal ICA and MCA vasospasm when flow velocities are Ն130 cm/sec. However, its sensitivity may be underestimated and the importance of operator error overestimated.
Increased blood flow velocities may not necessarily imply arterial narrowing. Indeed, both increasing flow and reduced vessel diameter may lead to high flow velocities. Consequently, cerebral vasospasm may not be safely and definitely differentiated from cerebral hyperemia by the mere assessment of flow velocities in the basal arteries (26, 27) 
The normal value for this ratio is 1.7 Ϯ 0.4 (29) . It is advisable to use an individual's own ratio as control before spasm as a reference because there are anatomic differences among individuals. The presence of an MCA/cervical ICA MFV ratio of Ͼ3 is indicative of moderate proximal MCA vasospasm., whereas a ratio of Ͼ6 is indicative of severe vasospasm.
MCA
Anterior Cerebral Artery Vasospasm. The ability of TCD in detecting ACA vasospasm was examined in different studies (7, 23, 25, 30, 31) . In general, TCD has low sensitivity (13-83%) and moderate specificity (65-100%) for detecting ACA vasospasm. Wozniak et al. (31) found that TCD has very low sensitivity (18%) and marginal specificity (65%) for detecting any degree of ACA vasospasm. They used the ACA MFV of Ͼ120 cm/sec as the criterion for vasospasm. For moderate and severe vasospasm (Ͼ50% stenosis), the sensitivity increased to 35%. Grolimund et al. (30) , using the flow velocity criterion of a 50% increase in ACA flow velocity, successfully detected 10 of 14 (sensitivity, 71%). ACA vasospasm could not be detected when it was presented in the more distal pericallosal portion of the ACA. In contrast, Lennihan et al. (25) used a flow velocity criterion of Ն140 cm/sec and detected vasospasm in only two of 15 ACAs (sensitivity, 13%). Vasospasm was present in a portion of five ACAs not insonated by TCD. In addition, Doppler signals could not be obtained from nine ACAs (false-positive occlusion), including three ACAs with angiographic vasospasm. Aaslid et al. (29) found that flow velocities in ACAs correlated poorly with residual lumen diameter.
ACA vasospasm detection is limited by the presence of collateral flow (patient with one ACA vasospasm might not have a high MFV in that affected vessel because flow will be diverted to the contralateral ACA through the anterior communicating artery), difficulty insonating the more distal A2 portion (pericallosal artery), and the poor angle of insonation the temporal window provides for ACA flow detection.
Internal Carotid Artery Vasospasm. There are few studies that have examined the role of TCD in detecting ICA vasospasm (22, 32) . Burch et al. (22) found that when a MFV of Ն90 cm/sec was used to indicate terminal ICA vasospasm, the sensitivity was 25% and specificity was 93%. When the diagnostic criterion was changed to Ն130 cm/sec, specificities were 100% (intracranial ICA) and 96% (MCA), and positive predictive values were 100% (intracranial ICA) and 87% (MCA). The authors conclude that TCD accurately detects terminal ICA and MCA vasospasm when flow velocities are Ն130 cm/sec. However, its sensitivity may be underestimated and the importance of operator error overestimated.
ICA vasospasm detection is limited by different factors: increased collateral flow, hyperemia/hyperperfusion, and anatomic factors (angle of insonation between the trajectories of ophthalmic artery and vasospasm ICA of Ͼ30 degrees).
Vertebral and Basilar Arteries Vasospasm. The ability of TCD in detecting vertebral and basilar artery vasospasm was examined in different studies (33) (34) (35) . Sloan et al. (34) found that a MFV of Ն60 cm/sec was indicative of both VA and BA vasospasm. For the VA, the sensitivity was 44% and specificity was 87.5%. For the BA, the sensitivity was 76.9% and specificity was 79.3%. When the diagnostic criterion was changed to Ն80 cm/sec (VA) and Ն95 cm/sec (BA), all falsepositive results were eliminated (specificity and positive predictive value, 100%). They concluded that TCD has good specificity for the detection of VA vasospasm and good sensitivity and specificity for the detection of BA vasospasm. TCD is highly specific (100%) for VA and BA vasospasm when flow velocities are Ն80 and Ն95 cm/sec, respectively.
Soustiel et al. (35) found that the BA/ extracranial VA ratio may contribute to an improved discrimination between BA vasospasm and vertebrobasilar hyperemia and enhance the accuracy and reliability of TCD in the diagnosis of BA vasospasm. A BA/extracranial VA threshold value of 3 would accurately delineate patients with high-grade BA vasospasm (Ն50% reduction in diameter). As such, the BA/ extracranial VA ratio may therefore contribute to the differential diagnosis between hemodynamically significant BA vasospasm and nonsymptomatic BA narrowing.
The difficulty in detecting vertebral and basilar artery vasospasm can be caused by different factors, which include: severe bilateral posterior cerebral artery vasospasm, increased collateral flow, hyperperfusion, and anatomic factors (horizontal course of VA, tortuous course of BA).
Complete TCD Examination with Lindegaard Ratio Determination. Although TCD diagnosis of MCA vasospasm is more accurate than with other vessels, the complete TCD insonation protocol (MCA, ICA, ACA) carries more diagnostic effect than insonating the MCA alone, as shown by Creissard and Proust (32). Naval et al. (36) performed a two-part study to compare the reliability of relative increases in flow velocities with conventionally used absolute flow velocity indices and to correct for hyperemia-induced flow velocity change. Relative changes in flow velocities in patients with aneurysmal SAH correlated better with clinically significant vasospasm than absolute flow velocity indices. Correction for hyperemia (Lindegaard ratio) improved predictive value of TCD in vasospasm. All ten patients who developed symptomatic vasospasm exhibited a two-fold increase in flow velocities before developing symptomatic vasospasm, and five patients had a three-fold increase.
Distal Vasospasm Detection by TCD. Vasospasm can be limited to distal vascular distribution in a small percentage of cases and is quite often missed on TCD (37) . This can be predicted based on the distal distribution of blood on head computed tomography after SAH. TCD is not that sensitive for the detection of distal vasospasm, but an abnormality of flow in M2 MCA might be picked up on TCD, indicative for distal narrowing. Fortunately, isolated distal vasospasm is a rare entity (37) and cerebral blood flow methods such as xenon computed tomography or singlephoton emission computed tomography are useful to confirm the diagnosis. Newer computed tomography bolus techniques in the form of computed tomographic angiography also provide better delineation of the distal vasculature.
TCD has its advantage as a monitoring tool for cerebral vasospasm in neurointensive care because it is portable, inexpensive, easily repeatable, and noninvasive. However, there is some limitation of being operator dependent and insensitive for detecting distal vasospasm. TCD seems to have greatest value in detecting MCA vasospasm, although a complete in-tracranial artery evaluation should be performed with use of the Lindegaard ratio to correct for hyperemia-induced flow velocity change.
TCD in Traumatic Brain Injury: Intracranial Pressure and Cerebral Perfusion Pressure
The measurement and management of ICP, in conjunction with CPP, is recommended in patients after severe traumatic brain injury (38, 39) . Conventionally, ICP measurement has required placement of an invasive monitor. Inherent in the application of these monitors is the risk of infection, hemorrhage, malfunction, obstruction, or malposition. Consequently, TCD has been suggested as a potential noninvasive assessment of ICP and CPP.
A number of different approaches have been employed to describe the relationship between TCD variables, CPP, and ICP. Chan et al. (40) studied 41 patients with severe traumatic brain injury. As ICP increased and CPP decreased, flow velocity decreased. This decrease preferentially affected diastolic values initially. Below a CPP threshold of 70 mm Hg, they found a progressive increase in the TCD pulsatility index (pulsatility index ϭ [peak systolic velocity Ϫ end-diastolic velocity]/timed mean velocity) (r ϭ Ϫ.942, p Ͻ .0001). This occurred whether the CPP decrease was due to an increase in ICP or a decrease in arterial blood pressure. Klingelhofer et al. (41) showed that increasing ICPs are reflected in changes in the Pourcelot index (peak systolic velocity Ϫ end-diastolic velocity/peak systolic velocity) and MFV. In a subsequent study, the same group demonstrated a good correlation between ICP and the product mean systemic arterial pressure ϫ Pourcelot index/MFV in a select group of 13 patients with cerebral disease (r ϭ .873; p Ͻ .001) (42). Homburg et al. (43) found pulsatility index changes of 2.4% per 1 mm Hg of ICP.
Although the aforementioned evidence suggests TCD variables are correlated with ICP and CPP in certain instances, acceptance into clinical practice requires analysis of agreement of noninvasive estimation methods with measured values. Initial proposed formulas for the prediction of absolute CPP have proved disappointing, with large 95% confidence intervals for predictors (44, 45) . More recent work by Schmidt et al. (46) using a prototype bilateral TCD machine with a built-in algorithm to assess CPP and externally measured values for arterial blood pressure has improved agreement. They used the formula: CPP ϭ mean arterial blood pressure ϫ diastolic flow velocity/MFV ϩ 14 mm Hg. They found that the absolute difference between measured CPP and estimated CPP was Ͻ10 mm Hg in 89% of measurements and Ͻ13 mm Hg in 92% of measurements. The 95% confidence range for predictors was Ϯ12 mm Hg for the CPP, varying from 70 to 95 mm Hg. Attempts at estimation of ICP have demonstrated similar confidence intervals (47) . Unfortunately, these values are still unacceptable for clinical purposes. However, using the pulsatility index, Bellner et al. (48) have demonstrated that ICP of Ͼ20 mm Hg can be determined with a sensitivity of 0.89 and specificity of 0.92. They concluded that the pulsatility index may provide guidance in those patients with suspected intracranial hypertension and that repeated measurements may be of use in the neurocritical care unit.
Assessment of CO 2 Reactivity and Pressure Autoregulation
TCD has been utilized for the assessment of cerebral CO 2 reactivity and pressure autoregulation (49, 50) , given changes in MCA velocity reliably correlate with changes in cerebral blood flow (51). Impairment of CO 2 reactivity and pressure autoregulation has been associated with poor neurologic outcome after head injury (52) (53) (54) (55) (56) . In addition to the valuable prognostic information provided by these examinations, it has been suggested that TCD-identified disturbances of pressure autoregulation and CO 2 reactivity may be used for optimization of cerebral hemodynamics after brain injury (50, 57) . However, the utility of such an approach has yet to be tested with respect to effect on neurologic outcome in clinical trials.
Brain Death
TCD findings compatible with the diagnosis of brain death include: 1) brief systolic forward flow or systolic spikes and diastolic reversed flow, 2) brief systolic forward flow or systolic spikes and no diastolic flow, or 3) no demonstrable flow in a patient in whom flow had been clearly documented on a previous TCD examination. Recently, de Freitas and Andre (58) performed a systematic review of 16 previous studies examining the use of TCD in patients with the clinical diagnosis of brain death. The overall sensitivity was 88%, with the cause of false negatives a lack of signal in 7% and persistence of flow in 5%. The overall specificity was 98%. Importantly, the criteria for brain death were variable, with only seven groups assessing the vertebrobasilar artery and some authors accepting the absence of flow in only one artery. The same authors performed the largest study to date in 206 patients with the clinical diagnosis of brain death in Brazil. TCD had a sensitivity of 75% for confirming brain death. Multivariable analysis revealed absence of sympathomimetic drug use and female sex were associated with false-negative results. The validity of TCD-diagnosed brain death depends on the time lapse between brain death and the performance of TCD (59), as some patients require repeated examinations before TCD criteria are met (60) .
Conclusion
TCD is an established monitoring modality in the neurocritical care unit. It is a validated screening test for the diagnosis of vasospasm in patients with SAH and may be used to follow therapy. Recent evidence suggests TCD holds promise for the detection of critical elevations of ICP and decreases in CPP. Its use to describe CO 2 reactivity and pressure autoregulation may ultimately allow intensivists to optimize CPP and ventilatory therapy for the individual patient. Finally, the TCD findings of brain death are well described, and its use may allow for the most favorable timing of a confirmatory test such as angiography.
